Summary Photosynthetic light and temperature response curves were measured seasonally in seedlings of white spruce (Picea glauca (Moench.) Voss) grown for two years in the understory of aspen (Populus tremuloides Michx.) or in the open in central Alberta. Light-saturated rate of net photosynthesis, the optimum temperature for net photosynthesis, transpiration rate, photochemical efficiency, and stomatal and mesophyll conductances increased from spring to summer and declined thereafter, whereas dark respiration rate and compensation and saturation points were highest in spring. Depression of photosynthetic parameters was greater in open-grown seedlings than in understory seedlings during the periods in spring and autumn when night frosts were common. Net photosynthetic rates were similar in understory and open-grown seedlings in summer, but they were significantly lower in open-grown seedlings in spring and autumn. Significantly lower transpiration rates and stomatal conductances in opengrown seedlings than in understory seedlings were also observed at 15 and 25 °C in the autumn. Shoot and needle growth were less in open-grown seedlings than in understory seedlings. In summer, when irradiances were low in the aspen understory, understory white spruce seedlings maintained a positive carbon balance by decreasing their compensation and saturation points and increasing their photochemical efficiency compared to spring and autumn.
Introduction
An overstory of deciduous trees with an understory of shadetolerant conifers is a common forest structure in young temperate and boreal forest stands. The environment of understory sites not only differs greatly from that of open sites but also exhibits wide seasonal variation. During the period when deciduous trees have leaves, the conifers are in a low light environment. Understories have higher relative humidities, lower midday temperatures and lower frequency of night frosts than open environments (Childs and Flint 1987) . Because of the shade cast by boles and canopies, understories are also protected from high radiation on days following frosts. High radiation is known to exacerbate the effects of frost on the photosynthetic system (Strand and Öquist 1985 , Lundmark and Hällgren 1987 , Örlander 1993 .
Aspen (Populus tremuloides Michx.) and white spruce (Picea glauca (Moench.) Voss) mixed woods are a widespread forest association in North America. In these forests, the periods of leaf-off in the spring and autumn provide high light in the understory compared to the summer (Constabel and Lieffers 1996) . The periods when the overstory is leafless have been shown to be important in the annual carbon accumulation of Douglas-fir understory saplings in the red alder forests of the Pacific Northwest (Emmingham and Waring 1977) . However, little is known about the seasonality of photosynthesis and photosynthetic efficiency of shade-tolerant white spruce in boreal forests, especially in the spring and autumn when soils are cold and night frosts are common. In addition, it is not clear if the photosynthetic parameters of white spruce seedlings sheltered by an overstory differ from those of seedlings grown on open sites. Most studies on morphological and physiological differences between sun-and shade-grown conifers have been restricted to either a comparison of the effects of different shading treatments (Higginbotham and Tear 1978 , Leverenz and Jarvis 1980 , Mitchell and Arnott 1995 or an examination of the acclimation of seedlings or trees following release from shaded conditions (Tucker and Emmingham 1977 , Tucker et al. 1987 , Lieffers et al. 1993 .
In general, plants growing in low light conditions tend to have large leaf surfaces (by increasing specific leaf area and allocating more carbon to shoots) for absorption of light, high water-use and photosynthetic efficiencies, low respiration rates, low compensation and saturation points, and low lightsaturated photosynthetic rates (Boardman 1977) . However, many shade-tolerant seedlings have higher light-saturated photosynthetic rates at low irradiances than at high irradiances (Jarvis 1964 , Hodges and Scott 1968 , Logan and Krotkov 1969 , Keller and Tregunna 1976 , Leverenz and Jarvis 1980 , Mitchell and Arnott 1995 , probably as a result of physiological adjustment of the foliage (Mitchell and Arnott 1995) .
The study was designed to test the following hypotheses: (1) gas exchange and photosynthetic responses to light and temperature in P. glauca seedlings are influenced by season; and (2) the photosynthetic parameters of white spruce seedlings differ between seedlings growing on an open site and seedlings growing in the understory and these differences change with season.
Materials and methods

Study area and experimental seedlings
The two study sites were located 25 km southwest of Edmonton, AB, Canada (53°22′ N; 113°45′ W). The understory site was a pure Populus tremuloides stand with trees averaging 12 m in height and 15 cm in dbh, and the open site had been cleared and was located 150 m away from the P. tremuloides stand. Annual precipitation from a nearby weather station is 468.2 mm, most of which is received from June through August. The soil texture of both the open and understory sites was fine sand. In the P. tremuloides stand, the shrub layer was dominated by Alnus crispa (Ait.) Pursh, Amelanchier alnifolia Nutt., Rosa acicularis L., and Corylus cornuta Marsh. The major herbaceous species were Aralia nudicaulis L. and Epilobium angustifolium L.
White spruce seedlings were grown in 60-ml cavities in styroblock containers for one growing season and overwintered outside. In mid-May 1994, 50 seedlings were each transplanted to a 20-cm deep (4 dm 3 ) unglazed clay pot containing a 3/1 (v/v) mixture of loam soil and peat moss and grown outside for two weeks before being transported to the field sites. Seedlings were randomly divided into two groups of 25 seedlings, and the pots were buried to soil level at each site. All seedlings were watered during periods of drought and fertilized with a balanced fertilizer (N,P,K 20,20,20) three times a year to ensure adequate nutrition.
Records of environmental conditions
Air temperature at seedling height (30 cm aboveground) and soil temperature at 10-cm depth were measured in both open and understory sites with a 101 thermistor (Campbell Scientific Co., Ltd., Logan, UT). Sensors for air temperature were shielded from direct radiation. Maximum, minimum and average temperatures were recorded daily by a CR21 data logger (Campbell Scientific Co., Ltd.).
Photosynthetic photon flux density (PPFD) under the aspen canopy 1.3 m aboveground was measured on sunny days between 1000 and 1400 h solar time with a hand-held integrating radiometer (Sunfleck Ceptometer, model SF-80, Decagon Services, Inc., Pullman, WA). At each sampling date, twenty locations were randomly chosen in the stand. At each location, the observer rotated taking 12 readings at 30° intervals. These were averaged for each sampling location. Above canopy light was estimated beside the stand before and after understory measurement.
Measurement of photosynthetic responses
During the growing season of 1995, photosynthetic responses to light and temperature were determined on the potted seedlings from the open site and aspen understory during three periods: April 25 to May 3, August 3 to August 11 and September 25 to September 30. For each period, six seedlings were randomly chosen from each site. To minimize the effects of water stress, all targeted seedlings were fully watered both one week and one day before the determination of photosynthetic responses.
Lateral branches bearing the youngest available foliage were selected for analysis of gas exchange. For the spring measurement, foliage from the previous season was used. Photosynthetic light response curves were measured at four leaf temperatures (5, 15, 25, 35 °C) . For the spring observations, pots were placed in a growth chamber at 5 °C for a day before measurements. The clay pots were then placed in an insulated container to maintain soil temperature near 5 °C during measurement. Soil temperature was maintained at 20 °C for the summer and autumn measurements by keeping seedlings in the laboratory for a day before measurement and putting them in the insulated container during measurement. Leaf temperature was measured with a fine copper-constantan thermocouple (Omega Engineering, Stamford, CT) placed on the bottom side of the foliage. The thermocouple was connected to a data logger (CR21X, Campbell Scientific Co., Ltd.). The insulated pots, the seedlings and the cuvette were all placed inside an insulated chamber where cooled or warmed air was blown over the cuvette to maintain the appropriate leaf temperature.
Gas exchange was measured with an open-system, portable infrared gas analyzer (LCA-2), conifer cuvette and air supply unit (Analytical Development Corp., Hoddesdon, England) drawing ambient air. Light was calibrated with a quantum sensor (LI-190 SB, Li-Cor, Inc., Lincoln, NE) placed inside the leaf cuvette. The light source was a 500 watt quartz halogen lamp (T-3, the Edge, Bellevue, WA). A clear acrylic water bath was placed between the lamp and the cuvette. Different irradiances were achieved by use of neutral density filters and by adjusting the distance between the lamp and the cuvette. Relatively constant vapor pressure deficit (VPD) across four leaf temperatures was obtained by use of silica gel desiccant to decrease water content at low temperatures and ferrous sulfate (FeSO 4 .7H 2 O) to enhance water content at high temperatures. For each seedling, photosynthetic light response was measured at leaf temperatures of 5, 15, 25, 35 °C in spring and 25, 15, 5, 35 °C in summer and autumn. At each temperature, gas exchange was measured at eight PPFDs (0, 50, 100, 200, 400, 600, 800, 1100 µmol m −2 s −1
) from low to high, after a 20-min period for dark acclimation. In a preliminary experiment, similar readings were obtained when the orders of temperatures and PPFDs were reversed. Gas exchange rates were recorded when readings were stable at each irradiance. Following the gas exchange measurements, needles were removed from the sampled shoot, dried for 48 h at 70--80 °C and weighed.
Net photosynthetic rate (A n ; µg g
), transpiration rate (E; mg g
) and intercellular CO 2 concentration (C i ) were calculated as described by von Caemmerer and Farquhar (1981) . Mesophyll conductance to CO 2 (g m ; mmol g
) was determined as g m = A n /C i (Jones 1985) . Instantaneous water-use efficiency of photosynthesis (WUE; µmol CO 2 mmol −1 H 2 O) was calculated as WUE = A n /E. The nonlinear monomolecular model described by Causton and Dale (1990) was fitted to the data using the SAS software package (SAS Institute, Cary, NC). The fitting was done on data from individual seedlings and seedling groups pooled for each combination of seedling type, season and leaf temperature. Derived parameters of light-saturated rate of net photosynthesis (A max ; µg g
) and photochemical efficiency (PE; µg CO 2 g −1
) were determined from the light response curves of individual seedlings as in Causton and Dale (1990) . Light saturation point (Q sat ; µmol m −2 s −1
) for an individual seedling was calculated from the fitted light response curve when A n reached 95% of A max .
Seedling morphology
Bud flush, needle color and frost damage were checked periodically for both open-grown and understory seedlings in the field. In early November 1995, six seedlings from the open site and understory were moved to the greenhouse. After new needles had fully expanded in early March 1996, height increment and needle length were measured on the leader cohort of each year, from 1993 to 1996. Projected leaf area was determined by scanning leaves with DeskScan II image scanning software on a ScanJet 3c scanner (Hewlett Packard, Palo Alto, CA). Needle areas were calculated from the captured image with the aid of SigmaScan (Jandel Scientific, San Rafael, CA). Specific leaf area was calculated as the ratio between leaf area and leaf dry weight (48 h at 70--80 °C).
Results
Seedling environments
Minimum air temperatures at the open site were generally below 0 °C before June and after mid-September, and maximum air temperatures frequently exceeded 30 °C from midMay to mid-September (Figure1a). Minimum air temperatures were higher and maximum temperatures lower in the understory than in the open (Figure 1b) . Irradiance was low in the aspen understory, but there were periods of high irradiance in early spring and late fall when the overstory aspen was leafless (Figure 2 ).
Light response parameters
Light response curves were generally steeper at low PPFDs and higher at saturating PPFDs for understory seedlings than for open-grown seedlings, especially in the spring and fall (Figure 3) .
In both open-grown and understory seedlings, the light-saturated rate of net photosynthesis (A max ) was highest at 15 °C in spring and 25 °C in summer (Figures 3 and 4) . In the autumn, however, the optimum leaf temperature for A max was 15 °C for understory seedlings compared with 25 °C for open-grown seedlings. The shift in optimum temperature of A max coincided with the change in ambient air temperature (Figure 1a) . Light compensation point (LCP), light saturation point (Q sat ), and dark respiration rate (R d ) generally increased with increasing temperature for all three seasons (Figure 4 ). Both LCP and R d increased rapidly with increasing temperature in the spring, but remained relatively constant up to 35 °C in the summer and autumn. In contrast, photochemical efficiency (PE) was relatively constant with temperature in all three seasons.
Both A max and PE increased from spring to summer and decreased thereafter especially in open-grown seedlings, whereas LCP, R d and Q sat were highest in spring and increased slightly from summer to autumn (Figure 4) . For all temperatures and seasons, understory seedlings generally had higher PE and lower LCP and Q sat than open-grown seedlings (Figure 4) , whereas A max was generally higher in understory seedlings than in open-grown seedlings. However, these differences were significant only in spring and autumn. Although R d was slightly higher in open-grown seedlings than in understory seedlings in summer, the pattern was reversed at most leaf temperatures in spring and autumn.
Gas exchange at saturating light
Water-use efficiency (WUE) and stomatal conductance to water vapor (g s ) generally decreased with increasing leaf temperature in the summer and autumn, but g s was insensitive to temperature in the spring (Figure 5 ), whereas transpiration (E) steadily increased with leaf temperature in all seasons. Changes in mesophyll conductance (g m ) with leaf temperature followed the same trends as A max . In all three seasons, g m was maximal at leaf temperatures between 15 and 25 °C.
There were seasonal variations in E, g s and g m with highest values in summer and declines in these parameter values in spring and autumn, especially in open-grown seedlings (Figure 5) . Water-use efficiency was nearly constant across the three seasons, except for higher values at 5 °C in the spring. Understory seedlings had higher WUE and g m than opengrown seedlings. The difference in g m between seedling types was small in summer and large in spring and autumn, whereas the difference in WUE between seedling types was relatively constant across seasons. Although E and g s were similar in understory and open-grown seedlings in spring and summer, both values were significantly higher in understory seedlings than in open-grown seedlings at many temperatures in the autumn.
Seedling morphology
There were no significant differences between open-grown and understory seedlings for height growth and needle length of the leader and foliage that was initiated in the greenhouse and flushed in the field (1994 column, Table 1 ). Open-grown and understory seedlings began to differentiate in the second year (1995) after the buds that had formed in the field flushed, with greater height increment and longer needles in understory seedlings than in open-grown seedlings. Similarly, specific leaf area of understory seedlings was generally greater than that of open-grown seedlings and the difference was greater in the second year (1995) for the needles that formed and grew in the field. Buds flushed first in understory seedlings, followed one week later by bud flushing of both open-grown seedlings in the field and open-grown seedlings that had been transferred from the field to the greenhouse. In late May 1995, about 50% of newly flushed terminal buds in open-grown seedlings were killed by late frosts (see Figure 1a) . In spring 1995, seedlings were chlorotic at the open site and green at the understory site; however, the differences between open-grown and understory seedlings in needle length, color, and shoot growth decreased after seedlings were returned to the greenhouse. ) with leaf temperature for open (᭹) and understory () white spruce seedlings. Spring, summer and autumn water-use efficiency (WUE, a--c); transpiration (E, d--f); stomatal conductance to H 2 O (g s , g--i); mesophyll conductance to CO 2 (g m , j--l). The asterisks indicate the value of P according to the two-tailed Student's t-test: * = P ≤ 0.05, ** = P ≤ 0.01 Table 1 . Foliage and leader characteristics of white spruce seedlings from understory and open sites: 1993 = first year in greenhouse; 1994 = buds formed in greenhouse and foliage flushed outside and expanded in the field; 1995 = buds formed and foliage flushed and expanded in the field; 1996 = buds formed in the field and foliage flushed and expanded in the greenhouse. Means (SE) of six seedlings and the two-tailed Student's t-test probability are presented.
Parameter
Seedling (Figures 1 and 2) . Cold nights are often followed by clear days with high irradiance. Light or even heavy frosts frequently occurred during the night before measurements for the light response curves were made in spring and autumn (Figure 1a) . Freezing air temperatures inhibit the light-saturated rate of photosynthesis and increase the susceptibility of photosynthetic systems to photoinhibition Hällgren 1987, Lundmark et al. 1988) . Understory seedlings would be less affected by night frosts than open-grown seedlings because of relatively higher minimum temperature during the night under the canopy ( Figure 1b ) and shading by the P. tremuloides canopy during the following day Hällgren 1987, Örlander 1993) . The pronounced effects of freezing temperature on the susceptibility of open-grown seedlings to photoinhibition and subsequent photooxidation was probably responsible for the discoloration of open-grown seedlings compared to the dark-green color of understory seedlings. Lundmark and Hällgren (1987) made similar observations for Pinus sylvestris L. and Picea abies L. In summer, A max was higher in understory seedlings than in open-grown seedlings; however, the difference was not significant at any leaf temperature. This contrasts with an earlier observation that A max increases with increasing irradiance in white spruce saplings (Lieffers et al. 1993) . The relatively high A max in understory seedlings could be a result of acclimation of the seedlings to the understory environment, less environmental stresses in the understory compared with the open site, or both. Studies of photosynthetic light acclimation in tree seedlings have revealed different photosynthetic responses to irradiance between shade-intolerant and shade-tolerant species. In shade-intolerant species, A max is higher in sun-grown seedlings than in shade-grown seedlings, whereas responses of shade-tolerant species are variable (Kramer and Kozlowski 1979) . The finding of higher A max by low-light phenotypes than by high-light phenotypes in many shade-tolerant tree species suggests that it is a mechanism for maintaining growth in low light environments (Jarvis 1964 , Hodges and Scott 1968 , Logan and Krotkov 1969 , Keller and Tregunna 1976 , Leverenz and Jarvis 1980 . Microclimates on open sites are more extreme than those in the understory and include: low night temperature, high daytime temperature and low relative humidity, especially at seedling height. White spruce seedlings are particularly sensitive to environmental stress; for example, A max decreases when well-watered seedlings are grown in low relative humidity (Marsden et al. 1996) .
Understory white spruce seedlings exhibited photosynthetic acclimation to understory environments as noted by their low light compensation and saturation points (LCP and Q sat ) and high photochemical efficiency (PE). The light compensation point of understory seedlings obtained in this study was not only lower than that of open-grown seedlings, but lower than that of white spruce saplings (Greenway 1995) , indicating a high capacity in P. glauca seedlings for net assimilation at low irradiances.
The need for a higher temperature to achieve maximum photosynthesis in summer than in spring and autumn was similar to the trends found in Picea sitchensis (Bong.) Carr. (Neilson et al. 1972) and Pinus taeda L. (Strain et al. 1976 ). The reduction in net photosynthesis above the optimum temperature was associated with a rapid increase in dark respiration rate (Figure 4 ). Similar observations have been made for Pseudotsuga menziesii (Mirb.) Franco by Sorensen and Ferrell (1973) and for Picea rubens Sarg. by Alexander et al. (1995) . Decreased stomatal conductance appeared to play a minor role in regulating photosynthesis. Respiration rates were higher in spring than in summer and autumn, probably because of: (1) repair to chloroplast, chlorophyll, enzyme and electron transport systems that had been altered or damaged during the winter , Öquist et al. 1980 )----recovery of these components in spring is an energy-demanding process; and (2) high rates of bud respiration during bud break in spring (Bachelard and Wightman 1973, Bhella and Roberts 1975) . High respiration rates and low net photosynthesis resulted in LCP being higher in spring than in summer and autumn.
Restricted rooting of seedlings in pots has been shown to reduce A n by reducing sink strength at the root (Arp 1991) . We conclude that pot effects did not account for the low A n in open-grown seedlings because both open-grown and understory seedlings were grown in the same size pots and the higher A n was observed in the larger understory seedlings. The pots may have resulted in some water stress in open-grown seedlings. Open-grown seedlings were expected to experience more severe water stress in summer than at other times; however, larger differences of A n between open-grown and understory seedlings were seen in spring and fall than in the summer, indicating that pot-induced water stress was probably not important.
Our results have several ecological implications.
(1) There is sufficient light under an aspen canopy to support photosynthesis of white spruce seedlings. In all seasons, except spring, solar irradiance under the aspen canopy was generally below the saturation point for white spruce but much higher than the compensation point (Figure 2) . (2) Because understory seedlings have relatively high photosynthetic rates, they can take advantage of periods of high irradiance during spring and autumn when the overstory aspen is leafless. The periods when aspen trees are leafless are probably important for the annual carbon budget of understory white spruce. (3) The low LCP and high PE of understory white spruce seedlings in summer suggest that the seedlings have acclimated to the normal conditions of low light during the aspen and shrub leafy period. (4) Understory white spruce seedlings maintain healthy growth by morphological and physiological acclimation to the understory environment. Open sites were less suitable for establishment of white spruce seedlings, as indicated by restricted shoot growth, short and discolored needles and poor photosynthetic activity in spring and autumn. These characteristics are typical of white spruce ''planting check'' and may last several years in the field (Mullin 1963 , Burdett et al. 1984 .
